Abstract. The article presents a method of scaling up existing simulation tests results from ships with parameters L1, B1 (length and breadth) determining a safe waterway bend width (d1) to specify a width (d2) safe for ships with other dimensions L2, B2. This method enables accurate determination of the safe fairway width (d) in case it has been planned to increase maximum length and width of vessels without carrying out relatively expensive simulation tests. The method was used in designing the parameters of the modernized Swinoujscie-Szczecin fairway.
INTRODUCTION
It often occurs in practice that previously established conditions for safe ship operation in a specific waterway (fairway) have to be changed, or more precisely, length (L) and breadth (B) of 'maximum ships' are to be increased. The change of these parameters makes it necessary to increase the width of the navigable area of a waterway. If maximum lengths and breadths of ships operated on a given waterway are expected to be increased, waterway widths (d) safe for these ships can be determined using empirical or simulation methods. Empirical methods are approximate (Gucma, 2001 , Gucma, 2015 . Some methods prove to be fairly good when it comes to calculating the parameters of straight waterways, but in case of bends the results vary, which additionally depends on two factors: bend parameters (angle and radius of turn) and types of ships (Japan Institute of Navigation, 2003 , PIANC, 1997 , PIANC, 2014 , Puertos Del Estado, 2007 , USACE, 2008 . Simulation methods for determining waterway bend parameters are detailed methods establishing bend parameters with practically sufficient accuracy. Simulation tests of fairway bends are based on a specially developed methodology of tests on simulators with 3D display. Tests are run by navigators (captains, marine pilots) with appropriate qualifications. Simulation methods are, however, much more expensive than empirical methods (Gucma et al., 2008 , Gucma et al., 2015 . The method presented in the article allows to rescale existing results of simulation tests of "maximum ship" with parameters L1, B1 determining the safe width of the fairway (d1) to a scaled up fairway width (d2), safe for ships having other dimensions L2, B2. Simulation tests of ship manoeuvres intended to determine parameters of waterways (approach channel, port entrance, inner fairway) are performed for ships whose parameters determine the conditions of their safe operation. Conditions of safe operation of ships in the waterway (fairway) are described by a vector of the safe operation of a maximum ship proceeding along that fairway: • breadth of 'maximum ship'; • daft of 'maximum ship'; • irdraft of 'maximum ship'; • alowable speed' of the 'maximum ship' in i-th fairway section; • a set of hydrometeorological conditions acceptable for a 'maximum ship' on the fairway. The waterway system such as a fairway or port entrance is defined by parameters of its elements (subsystems). Two elements of this system are a function of conditions for safe operation of ships maneuvering within those waterways (Gucma et al., 2013 , Gucma et al., 2015 .
where:
• conditions of safe operation of ships on the fairway; • area (fairway ) subsystem; • navigation subsystem of the fairway. Where the navigation subsystem is not changed in the process of scaling up, we can write: = ( ) (3) The area (fairway) subsystem is described by a set of parameters, in which the only parameter scaled up is safe fairway width (d), so we can write:
where: = =
THE METHOD OF RESCALING SIMULATION TEST DATA BASED ON THE PROBABILISTIC-DETERMINISTIC MTEC METHOD
The probabilistic-deterministic method developed at the Marine Traffic Engineering Centre (MTEC) was used to calculate fairway widths at the bottom defined by the simulation method and determine other parameters of ships expected to be operated therein. The MTEC method (Gucma et al., 2015, Gucma and Zalewski, 2005) , created at the Maritime University of Szczecin, allows us to determine parameters of a approach waterway system (strait fairway sections and bends) and is characterized by a relatively high reliability. The method defines the maneuvering component of safe maneuvering area width (swept path) (dm) eterministically, while the navigational component of the maneuvering area width is of probabilistic nature and is estimated at a certain level of confidence (1− ) . Navigation will be safe along a straight one-way section of the fairway provided that this relation is fulfilled: . It should be noted that to determine parameters of the approach waterway system we choose such fairway sections in which at each j-th point of the fairway centre line this condition is satisfied: (1− ) = (1− ) = +1(1− ) . It is assumed in the above relationship for a one-way section of the fairway that navigation components of the safe maneuvering area on the left and right hand sides are equal:
• (1− ) , (1− ) navigation components (right and left) of safe maneuvering area width at the confidence level [m] . If the margins of maneuvering area width on the right and left side are also equal (for similar slopes of the channel):
the condition of navigation safety can be written as follows: . In a one-way traffic bend the width of a safe maneuvering area at confidence level (1-α) is determined by this relationship:
where the maneuvering component of the maneuvering area width is, respectively: • additional allowances of swept path width. The basic maneuvering width of the swept path and additional allowances are determined as a function of the ship's breadth, i.e. after addition (Gucma and Zalewski, 2005 , PIANC, 1997): = • (13) where:
• sum of the coefficients of the basic maneuvering width and all additional allowances. The MTEC method assumes that the navigational component is represented by a sum of standard deviations of maximum distances of points on the conventional waterplane to the right and left of the fairway centre line. For a fairway bend, the standard deviation is approximated by a directional error of bow position perpendicular to the fairway centre line tangential at a given point, determined at a certain level of confidence (Gucma et al., 2015) :
(1− ) directional error of bow (stern) position at a confidence level (1-α), m;
(1− ) error of ship course determination and maintenance in a fairway bend confidence level (1-α), deg. The fairway width margin dr allowing for the bank-channel effect, defined as a function of ship's breadth: = • (15) where: k depends on ship's speed (V) and the type of fairway banks (PIANC, 1997). The following assumptions were made in working out the method of scaling up simulation test results: 1. The scaling up concerns only changes in ship parameters:
• length overall LC;
• breadth B. 2. The parameters of fairway bends, or turns, and parameters of aids to navigation remain unchanged. 3. The other conditions for safe operation of the ship remain unchanged. With the above assumptions, in order to scale up the widths of safe maneuvering areas defined by the simulation method d(1-α)1 for a ship with parameters L1 and B1 to specify safe maneuvering areas d(1-α)2 for ships with parameters L2 and B2, it has been assumed that navigational components of the safe maneuvering area remain unchanged for both ships:
(16) Such assumptions can be accepted due to small differences in the navigational component of the safe maneuvering area width, when changing the ship's length within 25% (Lc ≈ 200m), these differences do not exceed one metre for terrestrial aids to navigation systems. Given the above assumptions, it was established that the scaling up of safe maneuvering area width for ships refers to the maneuvering component of ship's swept path width (dm) and the margin of maneuvering area width (dr). The maneuvering component of the safe maneuvering area width in fairway bends is a function of ship's manoeuvrability (St), breadth (B) and the extension of the swept path in bends (∆d) : = ( , , ∆ ) (17) The widening of swept path in a bend depends, inter alia, on the angle and radius of the turn, ship's speed and length. For unchanged ship's parameters of ship's turn and speed we can assume that ∆d will be a function of ship's length, i.e.:
= ( , , ) (18) The probabilistic-deterministic MTEC method was used for scaling up the results of simulation test results, i.e. widths of safe maneuvering areas for ships of different lengths and breadths. The method enabled a relative change of the maneuvering component width and a margin of maneuvering area width for ships under consideration with parameters, respectively, LC1, B1 and LC2, B2. This relative change is defined by a scaling factor K. The scaling factor is found differently for strait fairway sections and bends. In fairway bends the scaling factor is, respectively: The factor (a) is derived from Taylor's formula and equals:
The procedure for scaling up simulation tests results determining the safe fairway widths consists of these steps, taken to determine: 1. the scaling factor K for simulation test results;
2. the navigational component of safe fairway width in bends for assumptions made in simulations in reference to the navigation system parameters, the same for the two ship sizes:
the maneuvering component of safe fairway width in bends and its margin determined by simulation tests for a ship with parameters LC1, B1 :
3. safe width of the fairway in bends, scaled up to the new parameters of ship LC2 and B2 :
(1− )2 = ( 1 + 1 ) + (1− ) (24) where:
(1− )2 safe fairway width in bends, determined by the simulation method for a ship with parameters Lc1, B1.
THE VERIFICATION OF THE METHOD BASED ON SIMULATION TESTS
The method was verified for the actual bend, Zakret Mankow, part of Swinoujscie-Szczecin fairway (turn angle ∆ = 26°, arc radius r = 2200 m). Simulation tests were carried out on the Polaris FMBS from Konsberg, installed at the Marine Traffic Engineering Centre, Maritime University of Szczecin. Models of tested bulk carriers were developed using the Hydrodynamic Modelling Tool (Akademia Morska w Szczecinie, 2014). Two models of bulk carriers had these parameters: (Fig. 1 ). The differences between these widths in the central part of the bend are 1.75%, in the end part (2/3) -3.7%. The difference between the ships taken for verification was, respectively: • length overall: approximately 35%; • breadth: approximately 11.5%. 
CONCLUSION
The article presents a probabilistic-deterministic method of scaling up the existing simulation test results of the 'maximum ship' parameters based on parameters LC1, B1 defining the safe bend width (d1) to the scaled up width of the bend (d2), safe for a ship with parameters LC2, B2. The accuracy of this method can be estimated at a level of 5% of the safe fairway width when the changes in ship's length overall and breadth range up to 30%. The method was used in the optimization of the parameters of the upgraded Świnoujście-Szczecin fairway, its section 5.3 to 17.4 km (Akademia Morska w Szczecinie, 2017).
